Granulomatous nephritis can be triggered by diverse factors and results in kidney failure. However, despite accumulating data about granulomatous inflammation, pathogenetic mechanisms in nephritis remain unclear. The DNA-binding highmobility group box-1 protein (HMGB1) initiates and propagates inflammation when released by activated macrophages, and functions as an 'alarm cytokine' signaling tissue damage. In this study, we showed elevated HMGB1 expression in renal granulomas in rats with crystal-induced granulomatous nephritis caused by feeding an adenine-rich diet. HMGB1 levels were also raised in urine and serum, as well as in monocyte chemoattractant protein-1 (MCP-1), a mediator of granulomatous inflammation. Injection of HMGB1 worsened renal function and upregulated MCP-1 in rats with crystalinduced granulomatous nephritis. HMGB1 also induced MCP-1 secretion through mitogen-activated protein kinase (MAPK) and phosphoinositide-3-kinase (PI3K) pathways in rat renal tubular epithelial cells in vitro. Hmgb1 þ /À mice with crystal-induced nephritis displayed reduced MCP-1 expression in the kidneys and in urine and the number of macrophages in the kidneys was significantly decreased. We conclude that HMGB1 is a new mediator involved in crystalinduced nephritis that amplifies granulomatous inflammation in a cycle where MCP-1 attracts activated macrophages, resulting in excessive and sustained HMGB1 release. HMGB1 could be a novel target for inhibiting chronic granulomatous diseases.
Granulomas are distinctive chronic inflammatory lesions characterized by aggregations of activated macrophages and marked fibrosis. In extreme cases, granulomas can lead to serious organ failure. 1 Several lines of evidence indicate that cytokines such as monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor-a (TNF-a) function in the initiation and persistence of granulomatous inflammation. [2] [3] [4] Various initiators give rise to granulomatous disease, including infections (such as tuberculosis and leprosy), particulate stimulants (as in silicosis and gout), and unidentified factors (as in sarcoidosis and Wegener's granulomatosis). Pathogenetic mechanisms have not been fully investigated, restricting the potential therapies available. 5 High-mobility group box-1 protein (HMGB1) was originally described as a nuclear DNA-binding protein 6, 7 that facilitates gene transcription by stabilizing nucleosome formation.
8 HMGB1 can also be released extracellularly and acts as a pro-inflammatory cytokine or alarm signal for tissue damage. 9 HMGB1 is released from cells through 'passive release' and 'active secretion'. Passive release occurs as a result of cellular necrosis in most eukaryotic cells. 10, 11 Active secretion from activated macrophages and monocytes occurs in response to inflammatory stimuli, such as lipopolysaccharide and TNF-a, 12, 13 and can trigger a potent inflammatory response leading to severe tissue injury. several inflammatory diseases, including septic shock, 16 disseminated intravascular coagulation, 17 acute lung injury, 18, 19 as well as chronic inflammatory diseases such as rheumatoid arthritis 20 and atherosclerosis. 21, 22 We hypothesized that granulomas, which mainly comprise activated macrophages, could be a source of HMGB1. We therefore investigated the pathogenetic functions of HMGB1, focusing on its role in granulomatous inflammation using a crystal-induced nephritis model. We also proposed an association between HMGB1 expression and MCP-1 in granulomas, which could create a 'vicious cycle' that promotes chronic inflammation.
MATERIALS AND METHODS Granulomatous Nephritis Rat Model
All animal studies were conducted according to the National Institutes of Health Guide, and reviewed and approved by the Committee on Animal Experimentation of Kagoshima University, Japan. All rats were kept under pathogen-free conditions and maintained under a 12-h light-dark cycle (lights on at 0700 hours) at 22±11C.
2,8-dihydroxyadenine (DHA)-induced interstitial nephritis was generated using an established method. 23 In brief, male Wistar rats, initially weighing approximately 60 g, were fed on a commercial diet (Type CE-2; CLEA Japan, Tokyo, Japan) for 1 week, and subsequently given ad libitum access to a powdered diet consisting of 18.0 g casein, 57.9 g a-cornstarch, 15.0 g sucrose, 2.0 g soybean oil, and 0.1 g choline chloride per 100 g. This was supplemented with 0.75, 0.5, 0.25, or 0% adenine (Wako Pure Chemical Industries, Osaka, Japan) for 5 weeks in the dose-dependent disease model, or with 0.25 or 0% adenine for 20 weeks in the timedependent disease model. During the adenine-feeding period, serum samples were collected weekly in the dose-dependent model, and monthly in the time-dependent model. The 24-h urine samples were collected at 5 weeks in the dosedependent model, and at 4, 12, 16, and 20 weeks in the timedependent model. At the end of the feeding periods for both models, the rats were killed, and their urine, blood, and kidneys were collected.
HMGB1 Injection
Four-week-old rats were randomized into four groups: (1) rats that were injected with saline with normal food (control/ saline); (2) rats that were injected with HMGB1 with normal food (control/HMGB1); (3) rats that were injected with saline with 0.75% adenine food (adenine/saline); (4) rats that were injected with HMGB1 with 0.75% adenine food (adenine/HMGB1). HMGB1 (500 mg/kg, a gift from Shino-Test, Sagamihara, Japan) was injected intraperitoneally in 500 ml injection volumes three times/week (M-W-F) for 5 weeks. Control animals received sterile saline injections. Five weeks after injection, the rats were killed, and their urine, blood, and kidneys were collected. The concentration of endotoxin in HMGB1 protein was less than 67.3 pg/mg HMGB1, using Limulus endotoxin assays (Wako Pure Chemical Industries).
Granulomatous Nephritis Model in Mice
The Hmgb1 þ /-mice used in this study were previously described. 24 All animal experiments were performed according to protocols approved by the Institutional Animal Care and Use Committee at The Scripps Research Institute. The genotype of the mice was determined by polymerase chain reaction (PCR) analysis of tail DNA. 25 Eight-to fifteenweek-old mice were separated into four groups (5-7 mice per group): Wild-type (WT) mice fed with normal food (WT/control); Hmgb1 þ /À mice fed with normal food (Hmgb1 þ /-/control); WT mice fed with 0.25% adenine food (WT/adenine); Hmgb1 þ /À mice fed with 0.25% adenine food (Hmgb1 þ /-/adenine). Four weeks after feeding, mice were killed, and their urine, blood, and kidneys were collected. Hmgb1 þ /À mice are on BALB/c background and BALB/c mice were thus used as controls.
Immunohistochemical Analysis
Kidney tissues were fixed in 10% neutral-buffered formalin and embedded in paraffin. Sections (4 mm) were deparaffinized, and endogenous peroxidase activity was blocked by treatment with 0.3% H 2 O 2 solution for 15 min. Sections were then blocked with 2% goat serum for 30 min, except for those stained with the mAb ED1. The sections were incubated overnight in a humidified chamber with 150 ml of the rat cytokine-specific Abs, to give final concentrations of 1-5 mg/ ml. The following Abs were used: anti-rat HMGB1 Ab (a gift from Shino-Test), mouse anti-rat CD68 mAb, ED1 (Serotec, Oxford, UK), and rat anti-mouse macrophage mAb (ab56297, Abcam, Cambridge, UK). For staining HMGB1 and ED1, the slides were washed and then incubated for 30 min with a biotin-labeled goat anti-rabbit (Lab Vision, Fremont, CA, USA) or horse anti-mouse (Vector Laboratories, Burlingame, CA, USA) secondary Ab, followed by 150 ml Vectastain avidin-biotin-horseradish peroxidase solution (Vectastain Elite, ABC-kit; Vector Laboratories). For staining mouse macrophages, the slides were washed and then incubated with Histofine Simple Stain Mouse MAX PO (Rat) (Nichirei Biosciences Tokyo, Japan). Then the slides were developed with 3 0 ,3 0 -diaminobenzidine (Dako Cytomation, Carpinteria, CA, USA), washed with deionized water, counterstained with Mayer's hematoxylin, and mounted in buffered glycerol.
Quantitation of Tissue Staining
A semi-quantitative method was used to quantify macrophages stained by rat anti-mouse macrophage mAb as previously described. 26 The number of labeled cells was counted in randomly selected areas of the same section in kidneys under high-power fields ( Â 400) by means of a 0.02-mm Quantitative RT-PCR The expression of selected genes was measured by quantitative real-time reverse transcription (RT)-PCR. Total RNA was extracted from rat kidneys using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA). Samples (2 mg) of total RNA were reverse transcribed using a First Strand complementary DNA synthesis kit for RT-PCR (Roche, Indianapolis, IN, USA). Aliquots of the cDNAs were amplified by real-time RT-PCR (C t value 20-30 s cycles) using a 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) with genespecific primers (Assay IDs: HMGB1, Rn00820665_g1; MCP-1, Rn00580555_m1; receptor for advanced glycation end products (RAGE), Rn00584249_m1; Toll-like receptor (TLR)4, Rn00569848_m1; glyceraldehyde-3-phosphate dehydrogenase [GAPDH], Rn99999916_s1). As 'minus RT' controls, samples containing total RNA instead of the cDNA were also examined.
The TaqMan technique was used for signal detection. 27 All analyses were carried out in triplicate, and non-template controls and dissociation curves were used to ensure the specificity of template amplification. For each primer pair, serial dilutions of a control cDNA were used to construct standard curves, and those with R 2 40.97 were then used to determine mRNA levels in individual samples. The mRNA levels for each gene of interest were normalized to the GAPDH mRNA levels in the same cDNA.
Cell Culture
The normal rat renal tubular epithelial cell line NRK-52E (American Type Culture Collection [ATCC] CRL-1571, Manassas, VA, USA) was maintained in plastic tissue culture flasks in high-glucose Dulbecco's modified Eagle's medium (DMEM; Gibco BRL, Grand Island, NY, USA) containing 5% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 mg/ml streptomycin, and 0.25 mg/ml amphotericin. The cells were maintained at 371C in a humidified 5% CO 2 incubator, and the medium was changed twice weekly.
In vitro Stimulation with HMGB1 NRK-52E rat renal tubular epithelial cells (RTECs) were cultured with medium containing 2% heat-inactivated FBS in 12-well plates at 1.5 Â 10 5 cells per well and were stimulated with 250 ng/ml HMGB1 for 0, 6, 12, 24, 36, or 48 h to examine the effects over time, or with 0, 50, 250, 500, or 1000 ng/ml HMGB1 for 24 h to examine dose-dependence of the effects. Supernatants were frozen at À801C until enzymelinked immunosorbent assay (ELISA) for MCP-1 was performed. To exclude any influence of endotoxin, we determined that the content was o0.5 pg/mg HMGB1 protein, using Limulus endotoxin assays (Wako Pure Chemical Industries); we also confirmed that MCP-1 release was abrogated by heating HMGB1 samples to 1001C for 2 h (data not shown).
Western Blotting HMGB1 in rat urine collected over 24 h was analyzed by western blotting as previously described. 20 Samples were prepared as follows: each urine sample (5-10 ml) was incubated with 50 ml HiTrap heparin HP beads (GE Healthcare, Uppsala, Sweden) for 24 h at 41C. The beads were washed twice with 10 mM phosphate buffer, mixed with 50 ml sample buffer (50 mM Tris-HCl (pH 6.8), 2% sodium dodecyl sulfate, 6% 2-mercaptoethanol, 10% glycerol, and 0.002% bromophenol blue), and boiled for 5 min. HMGB1-induced cell signaling was analyzed in NRK-52E RTECs stimulated with 500 ng/ml HMGB1 for 7.5, 15, 30, 60, 120, or 240 min. The cells were washed with sterile PBS, lysed by adding 100 ml sodium dodecyl sulfate sample buffer containing protease inhibitor (25 Â cocktail, Roche; 100 mM phenylmethanesulfonyl fluoride) and 100 mM Na 3 VO 4 , and immediately placed on ice. Rabbit anti-rat HMGB-1 Ab (a gift from Shino-Test) and rabbit antibodies against phosphorylated extracellular signal-regulated kinase (ERK) (Thr202/Tyr204), c-Jun N-terminal kinase (JNK) (Thr183/Tyr185), p38 (Thr180/Tyr182), and phosphoinositide-3-kinase (PI3K)/Akt (Ser473; all from Cell Signaling Technology, Beverly, MA, USA) were used for primary incubation overnight at 41C. Then the membranes were washed and incubated with horseradish peroxidase-conjugated anti-rabbit polyclonal immunoglobulin G (IgG; MP Biomedicals, Solon, OH, USA) at RT for 1 h. Labeled bands were visualized using an enhanced chemiluminescence system (GE Healthcare) and exposed to high-performance chemiluminescence film (GE Healthcare). The intensity of the protein bands on the western blots was quantified using the National Institutes of Health image 1.63 software. 28 ELISA for HMGB1, MCP-1, BUN, and Creatinine We measured cytokine and creatinine concentrations using commercially available ELISA kits. The kits for MCP-1 were purchased from BioSource (Camarillo, CA, USA), the HMGB1 kits were a gift from Shino-Test, 29 and the kits for urine creatinine were purchased from Oxford Biomedical Research (Oxford, MI, USA). SPOTCHEM assays (Arkray, Kyoto, Japan) were used to measure the serum blood urea nitrogen (BUN) levels by the lipoprotein lipase-glycerol kinase-glycerol-3-phosphate-oxidase method, and to measure serum creatinine using colorimetry. In all ELISA, serum, urine and whole kidney samples from rats and mice, and stimulated tissue culture supernatants were measured in duplicate.
Inhibition of MAPK and PI3K/Akt-Signaling Pathways
To assess the contribution of mitogen-activated protein kinase (MAPK) and PI3K/Akt pathways to HMGB1-stimulated cytokine responses, we pre-incubated cells for 1 h with 
Statistical Analysis
The statistical significance of differences in values between the experimental groups and the controls was determined using a two-tailed Student's t-test. P-values o0.05 were considered significant.
RESULTS

Granuloma Formation Associated with High HMGB1 Expression in Adenine-Fed Rat Kidneys
This study used the adenine-fed rat model of human chronic renal failure, in which the deposition of crystals of the abnormal adenine metabolite DHA in the kidney induces nephritis with granulomas. 23 In a time-dependent and dosedependent pattern, adenine-fed rats gradually became cachectic with body weight reduction, showing inactivity, loss of skin tone, and ruffled hair (Supplementary Figure 1A) . The kidneys in rats fed adenine for 5 weeks retained a normal shape, but became enlarged, edematous, and pale in a dosedependent manner, peaking in rats fed 0.75% adenine (Supplementary Figure 1B) . In cross-sections, a discrete, narrow white band appeared at the cortex-medulla boundary in the early stages, as abundant crystal deposits formed. The kidneys gradually developed a yellowish stippling and pitting between the cortex and medulla that progressed with time, finally becoming soft (Supplementary Figure 1C) . The BUN levels increased further over time and in dose-dependent pattern. Creatinine levels in adenine-fed rats were also elevated at later time points in a dose-dependent manner (Table 1) . Microscopic examination of periodic acid-Schiff (PAS)-stained kidney sections from the rats showed many granulomas at different stages ( Figure 1a) . As the size and number of granulomas increased with adenine dose and time, the nephrons became tapered showing mildly-to-severe dilatation of renal tubules as they were occupied by crystal deposits and/or granulomas, and also became inflamed (Supplementary Figure 2) . The presence of macrophages was confirmed by immunostaining with the anti-rat macrophage monoclonal antibody (mAb) ED1. ED1-positive cells were observed around the needle-shaped crystals (Figure 1b and e) , whereas such cell aggregates were not observed in control rats (Figure 1f) .
To test our hypothesis that for granulomas, mainly organized by activated macrophages, to be a source of HMGB1, we initially determined whether the protein was expressed in the severe nephritis model by immunostaining granulomatous nephritic tissue. HMGB1 was detected in the nuclei and diffusely in the cytoplasm in granulomas (Figure 1c and g ), but in control rats HMGB1 was expressed only in nuclei (Figure 1h ). In some RTECs in the distended tubuli, HMGB1 HMGB1 in granulomatous nephritis Y Oyama et al was expressed in the cytoplasm, especially where granulomatous inflammation was advanced (Figure 1d ). It is reported that renal tubules are dilated and contain apoptotic cells, leading to tubular atrophy in severe obstructive nephropathy, 30 and that HMGB1 is released during apoptotic cell death. 31 We examined whether these cells, which expressed HMGB1 in the cytoplasm, were undergoing apoptotic cell death or not using double staining against the HMGB1 antibody with TUNEL assay. The result showed that a large number of renal tubular cells were positive for TUNEL, although those cells did not share HMGB1 in the cytoplasm (Supplementary Figure 3) .
Upregulation of HMGB1 and its Receptors in Granulomatous Nephritis Tissue
As we observed HMGB1 expression in macrophage-rich granulomas in the kidneys, we next monitored the kinetics of HMGB1 mRNA expression by quantitative PCR in renal tissue from adenine-fed and control rats at 8, 12, and 16 weeks. HMGB1 mRNA levels in adenine-fed rats were significantly increased with time compared with control rats (Figure 2a) . Similarly, we examined mRNA expression of MCP-1, which is a mediator of granuloma formation and the cause of organ impairment in granulomatous inflammation, 32, 33 and found a time-dependent increase in granulomatous-inflamed rat kidneys, similar to the increase in HMGB1 (Figure 2b) .
We found that the expression of RAGE and TLR4, which are receptors for HMGB1, 34, 35 was increased in the kidneys of rats fed adenine in a time-dependent manner at the mRNA level (Figure 2c and d) . The expression of these receptors was also increased at the protein level in kidneys from rats fed adenine for 16 weeks, compared with controls (Supplementary Figure 4 ).
HMGB1 and MCP-1 in the Urine and Serum of Rats with Granulomatous Renal Inflammation
We next examined the levels of the cytokines HMGB1 and MCP-1 in the urine of rats with adenine-induced nephritis. HMGB1 was detected after 4 weeks, increased sharply after 12 weeks, and remained at moderately increased levels until 20 weeks in the urine of 0.25% adenine-fed rats, whereas HMGB1 was undetectable in the urine of control rats. Accordingly, the results of densitometric analysis of protein signals were increased in the urine of adenine-fed rats compared with the control rats (Figure 3a, left panel) . The urinary HMGB1 level tended to increase with the dose of adenine (Figure 3a, right panel) . MCP-1 expression was also increased with the dose of adenine, peaking in rats fed 0.5% after 5 weeks (Figure 3b) .
The cytokine levels were also elevated in the serum of the adenine-fed rats. Serum HMGB1 increased significantly in the 0.25% adenine-fed rats after 20 weeks, but was undetectable in the controls (Figure 3c ). The serum MCP-1 increased dose-dependently (Figure 3d) , with significant levels in the 0.25% adenine-fed rats after 8 weeks, and then increased sharply after 20 weeks (Figure 3e ).
Induction of MCP-1 Release by HMGB1 and its Signaling Pathways in rat RTECs in vitro
It has been reported that RTECs express RAGE 36 and TLR4, 37 which are the receptors of HMGB1. We then studied the effect of HMGB1 on the release of MCP-1 by the rat RTEC cell line in vitro. We first observed MCP-1 levels in the supernatant of RTEC cells with HMGB1 treatment for 24 h and found that MCP-1 secretion occurred significantly at doses above 250 ng/ml (data not shown). Then we examined the time course by using 250 ng/ml HMGB1; MCP-1 increased significantly between 6 and 48 h, peaking at 36 h (Figure 4a ). Moreover, we investigated signaling pathways, focusing on three different MAPK pathways (ERK, JNK, and p38) and the PI3K/Akt pathway in the HMGB1-mediated secretion of MCP-1 in rat RTEC. Western blotting shows that phosphorylation of PI3K/Akt and ERK peaked 7.5 min after HMGB1 stimulation, decreasing gradually thereafter. Phosphorylation of JNK was detected after 7.5 min and peaked at 15 min (Figure 4b ). Phosphorylation of p38 peaked 60 min after adding HMGB1 and this level persisted for at least 240 min. Inhibitors of ERK (U0126), JNK (SP600125), and p38 (SB203580), or PI3K/Akt (LY294002) reduced the MCP-1 secretion caused by HMGB1 stimulation (Figure 4c-f ).
HMGB1 Worsened Kidney Function with Increasing MCP-1 Expression in Rats with DHA-Induced Granulomatous Nephritis
To further investigate whether HMGB1 could accelerate inflammation in rats with granulomatous nephritis, we examined renal function and MCP-1 levels in nephritic rats that were treated with HMGB1 by intraperitoneal injection. BUN and serum creatinine levels increased significantly in rats with DHA-induced nephritis that were injected with HMGB1 compared with nephritis rats injected with saline for 3 to 5 weeks (Figure 5a and b) . MCP-1 mRNA expression in renal tissue from nephritis rats with HMGB1 injection for 5 weeks was increased significantly compared with nephritis rats with saline treatment (data not shown), and the serum MCP-1 levels were also significantly elevated after 4 and 5 weeks in the granulomatous nephritis rats with HMGB1 injection compared with nephritis rats injected with saline ( Figure 5c ). The rats that were injected with HMGB1 without adenine feeding did not show elevation of BUN, serum creatinine, and MCP-1 compared with control (no adenine, no HMGB1) rats (Figure 5a-c) . nephritis. As Hmgb1-homozygous knockout mice die within 24 h after birth, 24 we used Hmgb1-heterozygous (Hmgb1 þ /À ) mice for this study. The adenine-induced nephritis developed in a time-and dose-dependent manner in mice as observed in rats, but the mice that were treated with 0.75 and 0.5% adenine died after 14 days (data not shown). Thus, in four Figure 2 Upregulation of HMGB1 and its receptors as well as MCP-1 in kidneys from rats with granulomatous nephritis. The ratio of mRNA levels for HMGB1 (a), MCP-1 (b), RAGE (c), and TLR4 (d) increased compared with control rats as the period of adenine supplementation increased. Quantitative PCR was performed using mRNA isolated from whole kidneys of rats fed 0.25 and 0% adenine for 8, 12, or 16 weeks (n ¼ 3). *Po0.05, **Po0.01. -RT indicates RT (reverse transcriptase) minus control samples that contain total RNA instead of cDNA. Immunohistochemical analysis of the tissues of nephritis rats that were fed 0.25% adenine for 16 weeks (e and g) and of control rats that were fed 0% adenine for the same period (f and h). Accumulation of macrophages (e, arrows) around the crystals (asterisks) led to granuloma formation, whereas neither crystals nor granulomas were detected in control rats (f). HMGB1 was expressed in both the cytoplasmic and nuclear patterns in granulomas (g, arrows), although in control rats, HMGB1 was expressed only in the cell nuclei (h). Crystals are absent in C and G as a result of heat treatment during the staining procedure. Nuclei were counterstained with Mayer's hematoxylin. Original magnifications: Â 400 (a-d), Â 200 (e-h).
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Y Oyama et al weeks we used -0.25% adenine-treated mice, whose kidney inflammation resembles that of 0.75% adenine-fed rats, and studied the following four groups: wild-type (WT) mice fed with normal food (WT/control); Hmgb1 þ /À mice fed with normal food (Hmgb1 þ /À /control); WT mice fed with 0.25% adenine food (WT/adenine); and Hmgb1 þ /À mice fed with 0.25% adenine food (Hmgb1 þ /À /adenine). We found that there was no obvious change in the kidneys of the Hmgb1 þ /À control mice at both macroscopic and microscopic examinations compared with WT mice. The color of the kidneys in adenine-fed mice turned yellow because of the inflammatory change, and this was less severe in Hmgb1 þ /À adenine mice compared with WT mice (Figure 6 ). In microscopic examination, the basophilic areas that indicate inflammatory cell infiltration were more prominent in the kidney tissues of WT adenine mice compared with those of Hmgb1 þ /À adenine mice ( Figure 6 ). There was no statistically significant difference in the number of crystals between both adenine-fed mouse groups (Supplementary Figure 5) . MCP-1 expression in the kidneys and urine of Hmgb1 þ /À adenine-fed mice was significantly lower compared with that of WT adenine mice (Figure 7a and b) . The number of macrophages in the kidneys was also decreased in Hmgb1 þ /À adenine mice (Figure 7c and d) . In both WT control and Hmgb1 þ /À control groups, no macrophage infiltration was observed (Figure 7c) . Figure 3 Increased expression of HMGB1 and MCP-1 in the urine and serum of granulomatous nephritis rats. (a) Western blotting shows increased HMGB1 levels in urine (5 or 10 ml samples concentrated using heparin beads) over time (left panel) and at different doses (right panel) in rats fed adenine. Urine HMGB1 levels peaked at 12 weeks. The protein signals are expressed as the ratio of the densitometric intensity of the urine HMGB1 concentration, which was normalized to urine creatinine. (b) ELISA shows increased urine MCP-1 levels in rats that were fed different doses of adenine for 5 weeks. n ¼ 3-15; **Po0.01. (c-e) ELISA shows increased serum HMGB1 in rats fed 0.25% adenine for 20 weeks (c), and a dose-dependent increase in serum MCP-1 (d) with a peak at 20 weeks in the time-dependent model (e). n ¼ 3-15; *Po0.05, **Po0.01.
Y Oyama et al
DISCUSSION
We have shown that HMGB1 accelerates granulomatous inflammation in DHA crystal-induced nephritis in rats and mice. Our study generated two major findings in vivo and in vitro. First, HMGB1 was abundant and accumulated in granulomas in the kidney, and in the urine and blood of rats with crystal-induced granulomatous nephritis, whereas control rats showed little HMGB1 expression. Furthermore, the administration of HMGB1 worsened renal function and increased MCP-1 expression in nephritic rats. In Hmgb1 þ /À mice with the same adenine-induced nephritis, MCP-1 expression decreased significantly in kidneys and urine, and the number of macrophages in the kidneys also showed a significant decrease compared with congenic WT mice. Second, HMGB1 stimulated the release of MCP-1 mediated by MAPK and PI3K/Akt-signaling pathways in cultured RTECs in vitro.
This is the first evidence that HMGB1 is extensively expressed in renal granulomatous lesions and released into the urine. We observed an ongoing increase in HMGB1 mRNA expression in granulomatous nephritis tissue over several months, accompanying the inflammatory condition, and then HMGB1 was released from activated macrophages in the developing granulomas. In activated macrophages, upregulation of mRNA expression as well as an active release of HMGB1 in response to cytokine stimulation has been 
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Y Oyama et al reported. 12 We also found an unusual distribution of HMGB1 in distended RTECs, where it was clearly translocated from the nucleus to the cytoplasm. Although active secretion of HMGB1 was reported in innate immune cells, 12 this observation showed that perturbed RTECs might secrete HMGB1 and represent another source of HMGB1 in granulomatous nephritis. In our hands, however, the number of cells that expressed HMGB1 in the cytoplasm was much higher in macrophages than in RTECs, suggesting that macrophages might be a major source of HMGB1 in this nephritis model (Supplementary Figure 6) .
We also confirmed the expression of HMGB1 receptors RAGE and TLR4 at both the mRNA and protein levels in granulomatous nephritis tissue. Although we did not perform immunohistochemistry to identify the cell populations expressing RAGE, it is probably expressed by macrophages as well as interstitial and tubular cells. 36, 38, 39 These results suggest that HMGB1 is a functional mediator, which participates in the induction of granulomatous nephritis by signaling through these receptors. Our results agree with previous reports that RAGE and TLR4 are abundantly expressed in pulmonary granulomas of patients with sarcoidosis or tuberculosis. 40, 41 As monosodium urate crystal-induced inflammation was attenuated in TLR4-knockout mice, 42 this receptor might also be involved in DHA crystal-induced inflammation.
Increases of MCP-1 expression have been reported in the serum of sarcoidosis patients, and in bronchoalveolar lavage fluid from pneumoconiosis patients. 43, 44 MCP-1 was also increased in experimental pulmonary granulomas, and in lung tissue with granulomatous inflammation. 32, 33 Our observations that mRNA and/or protein levels of MCP-1 were increased in the urine, serum, and kidney tissue from experimental rats with renal granulomatous nephritis are consistent with the previous reports concerning granulomas in other organs. 32, 33 Our findings that the expression of HMGB1 and MCP-1 mRNAs increased in granulomatous nephritic tissue with time suggests that HMGB1 might interact with MCP-1 to effect the progression of this chronic granulomatous inflammation. Furthermore, we have shown for the first time that HMGB1 stimulates the release of MCP-1 in RTECs, and that both the MAPK and PI3K/Akt signal pathways were involved in that induction. Considering that p38 and JNK, which were described in the setting of cell response to stress 45 were involved in this induction, it could suggest that HMGB1 can induce renal tubular cell injury or stress. In addition, the PI3K/Akt-signaling pathway, which is widely acknowledged for its anti-apoptotic role, was also involved in this HMGB1 stimulation. Some studies have shown that inflammation could be caused by HMGB1 through this signaling pathway to induce reactive oxygen species (ROS) and proinflammatory cytokines such as IL-1b, TNF-a, and IL-8, 46, 47 suggesting that the PI3K/Akt signal pathway may act in response to stress and cell damage.
Taking into account our findings of the relationship between HMGB1 and MCP-1, we propose that HMGB1 attracts macrophages by stimulating the release of MCP-1 from renal tubules, thereby worsening interstitial nephritis by expanding the inflamed areas in the kidney and promoting granuloma formation. In addition, we also confirmed that TNF-a was increased in the granulomatous nephritis rats in the kidney, Figure 5 Intraperitoneal injection of HMGB1 increased MCP-1 expression and worsened kidney function in rats with DHA crystal-induced nephritis. HMGB1 injection aggravated renal failure with increased BUN (a) and serum creatinine (b) in DHA crystal-induced nephritis rats. (c) Significant MCP-1 increase in serum was detected at 4 and 5 weeks. Adenine-fed rats were compared with the HMGB1 injection and saline injection groups. Each data point represents the mean±s.d. for three rats; *Po0.05, **Po0.01: saline-injected rats vs HMGB1-injected rats in DHA crystal-induced nephritis rats.
HMGB1 in granulomatous nephritis Y Oyama et al Figure 6 Histological changes of kidneys in WT and Hmgb1 þ /À mice with DHA crystal-induced nephritis. The color change to yellow of the kidneys was more profound in WT adenine mice compared with Hmgb1 þ /À adenine mice. In histological observation, the basophilic areas that indicate inflammatory cell infiltration (arrows) were more remarkable in the kidney tissues of WT adenine mice compared with those of Hmgb1 þ /À adenine mice.
The renal tissues of both control groups were intact. H.E. staining; Original magnifications: Â 25.
Y Oyama et al serum, and urine (Supplementary Figure 7) . In vitro studies showed that DHA crystal stimulation induced MCP-1 release by RTECs as well as TNF-a release by macrophages (Supplementary Figure 8) , suggesting that DHA crystals trigger granuloma formation, and then induce MCP-1 release that activates resident macrophages in the kidney tissues. Our results collectively suggest that granulomas forming in the kidney could act as reservoirs of HMGB1. Moreover, HMGB1 may promote granulomatous inflammation by inducing MCP-1, which in turn attracts additional macrophages as further sources of HMGB1 that is stimulated by TNF-a. We showed that the granulomatous nephritis rats injected with HMGB1 had elevated MCP-1 expression and worsened renal function compared with the nephritis rats without HMGB1 injection. Serum HMGB1 was elevated in patients with chronic kidney disease and correlates with the glomerular filtration rate as well as markers of inflammation. 48 Considering the previous reports and our present results, HMGB1 could enhance inflammation, which results in renal dysfunction. More importantly, our study of the granulomatous nephritis model in Hmgb1 þ /À mice also provides direct evidence that HMGB1 caused further accumulation of macrophages with upregulating MCP-1, which is a hallmark of renal dysfunction. 49 These findings suggest new therapeutic approaches for chronic kidney diseases and other granulomatous diseases whose pathological processes are not fully defined and whose therapies are lacking (such as sarcoidosis and Wegener's granulomatosis). Further studies are *Po0.05, **Po0.01.
Y Oyama et al needed to show that inhibiting HMGB1 is beneficial for treating renal and other granulomatous diseases.
